Introduction
============

Lung cancer is the leading cause of cancer death in both men and women worldwide.[@b1] Non-small cell lung cancer (NSCLC) accounts for 85% of all lung cancer cases.[@b2] Optimal treatment of patients with NSCLC depends on accurate staging, which is based on the tumor node metastasis (TNM) classification defined by the American Joint Committee on Cancer.[@b3]

N staging evaluates the lymph node status of hilum, mediastinum, and supraclavicular region. Node involvement within the ipsilateral peribronchial region or hilum indicates N1 disease, ipsilateral, mediastinal or subcarinal lymphadenopathy constitutes N2 disease, and metastatic contralateral, mediastinal, scalene or supraclavicular nodes represent N3 disease.[@b3] Accurate lymph node assessment is essential for both pre-operative staging, which may change the treatment decision, and target field delineation for patients treated with radiotherapy.[@b4],[@b5]

A variety of diagnostic techniques can be performed for N staging in NSCLC. Invasive methods, which provide pathologic diagnosis of mediastinal lymph nodes, include mediastinoscopy, mediastinotomy, endobronchial ultrasound (EBUS), esophageal ultrasound (EUS) and computed tomography (CT)-guided biopsy, which are the gold standards for staging.[@b6],[@b7] Noninvasive techniques include contrast-enhanced helical chest CT scans, positron emission tomography (PET), PET/CT, and magnetic resonance imaging (MRI).[@b8]--[@b11] Traditionally, CT has been the primary imaging technique for the diagnosis and staging of patients with lung cancer, but it was limited by relatively low sensitivity and specificity.[@b10],[@b11] Nowadays, PET/CT is widely used for the staging of lung cancer. Many articles have documented the superiority of PET/CT over PET or CT alone.[@b11]--[@b14]

Magnetic resonance imaging for N staging in NSCLC has been investigated since the 1980s.[@b15]--[@b46] With rapid technical improvements, such as multichannel MRI, systems with powerful gradients, and the development of innovative pulse sequence techniques implementing echoplanar imaging as well as parallel imaging, more and more research has investigated the diagnostic power of MRI for N staging in NSCLC. Many studies have shown high sensitivity and/or specificity of MRI for assessing lymph node metastasis.[@b27]--[@b46] In this article, we performed a systematic review and meta-analysis to evaluate the diagnostic power of MRI for N-staging of NSCLC.

Methods
=======

Literature search
-----------------

Two reviewers independently conducted the systematic literature search using Pubmed, Embase, and the Cochrane library. The following keywords were used: ("lung neoplasms" or "lung cancer" or "non-small cell lung cancer") AND ("MRI scan" or "magnetic resonance imaging") AND ("neoplasm staging" or "N staging" or "lymph node") AND ("sensitivity" or "specificity" or "accuracy").

The last search was carried out on 20 December 2013, with no restriction on publication date, but confined to English language articles. An additional manual search was also performed using references from retrieved articles.

Selections of studies
---------------------

Studies were included according to the following criteria: (i) published in English with full-text available; (ii) evaluating NSCLC patients without extrathoracic metastasis or with potential for surgical cure; (iii) using pathological diagnosis as the standard reference; (iv) focused on the N-staging power of MRI; (v) MRI was performed with 1.5T or 3.0T magnet; (vi) sufficient data could be extracted to form a 2 × 2 table, either per-patient based or per-lymph node based, or both; and (vii) more than 40 patients were included in the study.

Studies were excluded if they included small cell lung cancer or if only hilar or distant lymph nodes were evaluated. Disagreements between the two reviewers were resolved by consensus.

Data extraction and methodological quality assessment
-----------------------------------------------------

Two reviewers independently extracted relevant data about the design and results of each study. For each study, we constructed a 2 × 2 contingency table consisting of true positive (TP), false positive (FP), false negative (FN), and true negative (TN) results according to MRI and reference standard. We calculated sensitivity as TP/(TP+FN), specificity as TN/(FP+TN), and diagnosis odds ratio (DOR) as (TP × TN)/(FP × FN). For studies comparing different MRI techniques, such as quantitative and qualitative methods, diffusion-weighted imaging (DWI), and short time inversion recovery imaging (STIR), we extracted data for each technique. The methodological quality of the selected studies was assessed using quality items derived from the Quality Assessment of Diagnostic Accuracy Studies tool,[@b47] recommended by Cochrane Collaboration.[@b48]

Statistical analysis
--------------------

Statistical analyses were performed using Meta-Disc version 1.4 (Unit of Clinical Biostatics, the Ramóny Cajal Hospital, Madrid, Spain) and MIDAS module for STATA version 12 (StataCorp, College Station, TX, USA). Likelihood ratio *I*^2^ index and χ^2^ tests were used to assess the heterogeneity of included studies. The *I*^2^ index is a measure of the percentage of total variation across studies as a result of heterogeneity. If it is greater than 50%, it suggests that there is more heterogeneity between studies than would be expected to occur by chance alone. For the likelihood ratio χ^2^ test, all *P* values \< 0.05 were considered to indicate that there was heterogeneity present between studies. If heterogeneity existed, a random effects model was used for the primary meta-analysis to obtain a summary estimate for the test sensitivity with 95% confidence intervals (CIs).

Results
=======

Literature search
-----------------

A total of 164 relevant studies were identified. Nineteen studies were excluded for duplication, and 113 studies were excluded after reviewing the title and abstract. The remaining 32 studies were searched for full text, and 23 studies were further excluded for not meeting the inclusion criteria.[@b15]--[@b37] Figure [1](#fig01){ref-type="fig"} shows a detailed flowchart.

![Flow chart of selection of studies. MRI, magnetic resonance imaging; NSCLC, non-small cell lung cancer.](tca0006-0123-f1){#fig01}

Study description and study quality
-----------------------------------

Nine studies were identified for meta-analysis,[@b38]--[@b46] seven studies[@b38],[@b39],[@b41],[@b43]--[@b46] included 800 patients for per-patient data, and five studies[@b38]--[@b40],[@b42],[@b46] included 3316 lymph nodes in 489 patients for per-lymph node data. Detailed information on study characteristics is presented in Table [1](#tbl1){ref-type="table"}. Considering the complexity of the MRI technique, Table [2](#tbl2){ref-type="table"} summarizes the pulse sequences and diagnostic criteria conducted in each study.

###### 

Principle characteristics of included studies

  Study                     Year   Country   Patients(n)   Mean age (years)   Gender (M/F)   Study design    Patient enrollment   Histology Ademo/squamos/other   N stage N0/N1/N2/N3   Data type                               Reference test
  ------------------------- ------ --------- ------------- ------------------ -------------- --------------- -------------------- ------------------------------- --------------------- --------------------------------------- ----------------------------------------------------------------
  Ohno *et al*.[@b38]       2004   Japan     110           64 (36--82)        68/42          prospective     consecutive          85/18/7                         ND                    Per-patient basedPer-lymph node based   Pathological analysis (mediastinoscopy or thoracotomy)
  Ohno *et al*.[@b39]       2007   Japan     115           68 (35--81)        59/56          prospective     consecutive          96/13/6                         72/32.10/1            Per-patient basedPer-lymph node based   Pathological analysis (mediastinoscopy or thoracotomy)
  Kim *et al*.[@b40]        2008   Korea     113           61 (34--82)        91/22          prospective     consecutive          58/41/14                        62/23/24/4            Per-lymph node based                    Pathological analysis (mediastinoscopy or thoracotomy)
  Hasegawa *et al*.[@b41]   2008   Japan     42            66 (41--83)        30/12          prospective     consecutive          ND                              34/3/5/0              Per-patient based                       Pathological analysis (thoracotomy)
  Nomori *et al*.[@b42]     2008   Japan     88            70 (38--82)        47/41          prospective     ND                   67/18/3                         71/9/8/0              Per-lymph node based                    Pathological analysis (thoracotomy)
  Yi *et al*.[@b43]         2008   Korea     165           61 (34--82)        125/40         prospective     consecutive          86/59/20                        79/26/33/12           Per-patient based                       Pathological analysis (mediastinoscopy or thoracotomy or PCNA)
  Nakayama *et al*.[@b44]   2010   Japan     70            68 (48--82)        38/32          retrospective   ND                   52/18/0                         54/9/7/0              Per-patient based                       Pathological analysis (thoracotomy)
  Ohno *et al*.[@b45]       2011   Japan     250           73 (61--83)        136/114        prospective     consecutive          218/23/9                        157/72/16/5           Per-patient based                       Pathological analysis (mediastinoscopy or thoracotomy)
  Usuda *et al*.[@b46]      2011   Japan     63            68 (38--81)        41/22          ND              ND                   42/19/2                         41/11/11/0            Per-patient basedPer-lymph node based   Pathological analysis (thoracotomy)

M/F, male/female, ND, not documented; PCNA, percutaneous needle aspiration biopsy.

###### 

Characteristics of MRI of included studies

  Study                      Magnet                         Pulse sequences                                                                                                               Diagnostic criteria
  -------------------------- ------------------------------ ----------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Ohno *et al*. 2004[@b38]   1.5-T superconducting magnet   Transverse ECG and respiratory-triggered STIR TSE                                                                             Quantitative: LSR ≥ 0.6.Qualitative: signal intensity of lymph node was greater than that of muscle.
  Ohno *et al*. 2007[@b39]   1.5-T superconducting magnet   Axial and coronal STIR TSE                                                                                                    Quantitative: LSR ≥ 0.6.
  Kim *et al*.[@b40]         3-T superconducting magnet     Breath-hold T1-weighted TFE sequenceBreath-hold cardiac-gated T2-weighted TSE (TIBB)                                          Quantitative: LTR ≥ 0.84.Qualitative: nodal morphologic characteristics (eccentric cortical thickening or obliteration of the fatty hilum of lymph node); lymph node size.
  Hasegawa *et al*.[@b41]    1.5-T superconducting magnet   Transverse non-breath-hold DWI (STIR EPI)Transverse electrocardiographically and respiratory-triggered T2-weighted sequence   Qualitative: lymph node metastasis was defined as a focus of low signal intensity on DWI with a visible lymph node on corresponding T2-weighted image.
  Nomori *et al*.[@b42]      1.5-T superconducting magnet   Coronal T1-weighted sequenceCoronal and axial T2-weighted sequenceCoronal and axial STIR sequenceTransverse DWI (EPI)         Quantitative: ADC~LN~-min ≤ 1.6 × 10^−3 ^mm^2^/s.
  Yi *et al*.[@b43]          3-T superconducting magnet     Breath-hold T1-weighted TFE sequenceBreath-hold cardiac-gated T2-weighted TSE (TIBB)                                          Qualitative: nodal morphologic characteristics (eccentric cortical thickening or obliteration of the fatty hilum of lymph node).
  Nakayama *et al*.[@b44]    1.5-T superconducting magnet   Transverse T1-weighted and T2-weighted sequencesTransverse DWI (HASTE)Transverse breath-hold STIR TSE                         Quantitative STIR: LSR ≥ 0.354.Quantitative DWI: ADC~LN~ ≤ 1.54 × 10^−3 ^mm^2^/s. ADC~LC~-ADC~LN~ ≤ 0.24 × 10^−3 ^mm^2^/s.
  Ohno *et al*. 2011[@b45]   1.5-T superconducting magnet   Axial and coronal breath-hold STIR TSEThree axes (axial, sagittal, and coronal) DWI (STIR EPI)                                Quantitative STIR: LSR ≥ 0.6. LMR ≥ 1.4.Quantitative DWI: ADC~LN~ ≤ 2.5 × 10^−3 ^mm^2^/s.Qualitative STIR or DWI: signal intensity of lymph node was greater than that of muscle.
  Usuda *et al*.[@b46]       1.5-T superconducting magnet   Coronal T1-weighted SECoronal and axial T2-weighted FSERespiratory triggered DWI (SS EPI with SPAIR)                          Quantitative DWI: ADC~LN~ ≤ 1.7 × 10^−3 ^mm^2^/s.

ADC~LC~, apparent diffusion coefficient value of lung cancer; ADC~LN~, ADC value of lymph node; DWI, diffusion-weighted imaging; ECG, electrocardiogram; EPI, echo-planar imaging; FS, fat suppression; FSE, fast spin-echo; HASTE, half-Fourier acquisition single-shot turbo spin echo; LMR, lymph node to muscle ratio of signal intensity; LSR, lymph node to saline ratio of signal intensity; LTR, lymph node to tumor ratio of signal intensity; MRI, magnetic resonance imaging; SPAIR, spectral presaturation attenuated inversion recovery; SS, single shot; STIR, short time inversion recovery; TFE, turbo field-echo; TIBB, triple-in-version black-blood; TSE, turbo spin echo.

Table [3](#tbl3){ref-type="table"} exhibits the methodological quality assessment using 11 items for each of the eight included studies. All of the studies used pathological diagnosis as a reference; lymph node resection was performed either by mediastinoscopy or thoracotomy. However, there was great discrepancy among the diagnostic criteria of MRI used, which increased the heterogeneity among studies. Only three studies reported a delay between MRI examination and pathological confirmation. No study described blind measurements of reference tests without knowledge of MRI, and most studies did not provide clinical information when interpreting MRI.

###### 

Evaluation of quality of included studies using QUADAS

                                        Ohno 2004   Ohno 2007   Kim       Hasegawa   Nomori    Yi        Nakayama   Ohno 2011   Usuda
  ------------------------------------- ----------- ----------- --------- ---------- --------- --------- ---------- ----------- ---------
  Representative spectrum?              Yes         Yes         Yes       Yes        Yes       Yes       Unclear    Yes         No
  Acceptable reference standard?        Yes         Yes         Yes       Yes        Yes       Yes       Yes        Yes         Yes
  Acceptable delay between tests?       Unclear     Unclear     Yes       Yes        Unclear   Unclear   Yes        Unclear     Unclear
  Partial verification avoided?         Yes         Yes         Yes       Yes        Yes       Yes       Yes        Yes         No
  Differential verification avoided?    No          No          No        Yes        Yes       No        Unclear    No          No
  Incorporation avoided?                Yes         Yes         Yes       Yes        Yes       Yes       Yes        Yes         Yes
  Reference standard results blinded?   Unclear     Unclear     Unclear   Unclear    Unclear   Unclear   Unclear    Unclear     Unclear
  Index test results blinded?           Yes         Yes         Yes       Yes        Yes       Yes       Yes        Yes         Yes
  Relevant clinical information?        Unclear     Unclear     Unclear   Unclear    Unclear   Unclear   Unclear    Unclear     Yes
  Uninterpretable results reported?     Yes         Yes         Yes       Yes        Yes       Yes       Yes        Yes         Yes
  Withdrawals explained?                Yes         Yes         Yes       Yes        Yes       Yes       Yes        Yes         Yes

QUADAS, Quality Assessment of Diagnostic Accuracy Studies.

Magnetic resonance imaging diagnostic accuracy
----------------------------------------------

Extracted data from each study and the pooled results are presented in Figures [2](#fig02){ref-type="fig"} and [3](#fig03){ref-type="fig"}. For studies comparing different MRI techniques, the data of the most accurate method was used for pooled analysis, as it represented the potential diagnostic power of MRI.

![(a) Per-patient based pooled data (sensitivity, specificity, positive likelihood ratio \[LR+\], negative likelihood ratio \[LR−\]) and (b) DOR (c) SROC curve.](tca0006-0123-f2){#fig02}

![(a) Per-lymph node based pooled data (sensitivity, specificity, LR+, LR−); (b) diagnosis odds ratio (DOR); (c) summary receiver operating characteristic (SROC) curve.](tca0006-0123-f3){#fig03}

Among the studies with per-patient based data (Fig [2](#fig02){ref-type="fig"}), the sensitivity of MRI ranged between 52% and 93%, and the specificity ranged between 82% and 100%. The pooled per-patient based sensitivity for MRI was 74% (95% CI, 69--79%), and the specificity was 90% (95% CI, 87--93%). The per-patient based pooled LR+ was 7.5 (95% CI, 4.55--12.37) and pooled LR− was 0.26 (95% CI, 0.14--0.48). The per-patient based pooled DOR was 36.7 (95% CI, 12.65--106.47). The area under the curves (AUC) was 0.93.

Among the studies with per-lymph node based data (Fig [3](#fig03){ref-type="fig"}), the sensitivity of MRI ranged between 53% and 93%, and the specificity ranged between 91% and 99%. The pooled per-lymph node based sensitivity for MRI was 77% (95% CI, 72--82%), and the specificity was 98% (95% CI, 97--98%). The per-lymph node based pooled LR+ was 42.24 (95% CI, 11.28--158.13) and pooled LR− was 0.21 (95% CI, 0.09--0.47). The per-lymph node based pooled DOR was 212.35 (95% CI, 28.23--1597.46). The AUC was 0.98.

However, there was significant heterogeneity among included studies. The *I*^2^ indices were higher than 61.9%, and the χ^2^ statistics were significantly higher in per-patient and per-lymph node based pooled sensitivity, specificity, LR+, LR−, and DOR.

Meta-analysis of quantitative short time inversion recovery and diffusion-weighted imaging
------------------------------------------------------------------------------------------

For studies with per-patient based data, the diagnostic accuracy of quantitative STIR was reported in four studies,[@b38],[@b39],[@b44],[@b45] and the diagnostic accuracy of quantitative DWI was reported in three studies.[@b44]--[@b46] We performed meta-analysis to compare the diagnostic value between quantitative STIR and DWI. Table [4](#tbl4){ref-type="table"} shows detailed results of the meta-analysis.

###### 

Diagnostic accuracy of quantitative STIR and DWI in evaluation of N-staging in NSCLC patients (per-patients basis)

  MRI method   No. of patients   Pooled sensitivity   Pooled specificity   LR+                  LR−                 DOR                    Heterogeneity
  ------------ ----------------- -------------------- -------------------- -------------------- ------------------- ---------------------- ---------------------
  STIR         545               0.84 (0.78--0.89)    0.91 (0.87--0.94)    8.44 (6.05--11.78)   0.18 (0,08--0.44)   56.29 (31.92--99.24)   0% ≤ *I*^2^ ≤ 84.9%
  DWI          383               0.69 (0.61--0.77)    0.93 (0.89--0.96)    8.36 (5.05--13.83)   0.36 (0.26--0.5)    27.2 (14.64--50.60)    0% ≤ *I*^2^ ≤ 78.4%

Data in parentheses are 95% confidence intervals. DOR, diagnosis odds ratio; DWI, diffusion-weighted imaging; LR−, negative likelihood ratio; LR+, positive likelihood ratio; NSCLC, non-small cell lung cancer; STIR, short time inversion recovery.

For quantitative STIR, the pooled sensitivity was 84% (95% CI, 78--89%), and the specificity was 91% (95% CI, 87--94%). The pooled LR+ was 8.44 (95% CI, 6.05--11.78) and pooled LR− was 0.18 (95% CI, 0.08--0.44). The pooled DOR was 56.29 (31.92--99.24).

For quantitative DWI, the pooled sensitivity was 69% (95% CI, 61--77%), and the specificity was 93% (95% CI, 89--96%). The pooled LR+ was 8.36 (95% CI, 5.05--13.83) and pooled LR− was 0.36 (95% CI, 0.26--0.5). The pooled DOR was 27.2 (14.62-50.60). The pooled DOR estimate for STIR was greater than for DWI.

Discussion
==========

Accurate staging is of vital importance for patients with NSCLC in order to choose the best treatment, such as to avoid unnecessary surgery because of lymph node involvement in the mediastinum, or to guide target volume delineation for patients treated with radiotherapy. For N staging in NSCLC, MRI is one of the noninvasive modalities with high sensitivity and specificity. Compared with PET/CT, MRI is more accessible, less expensive, and there is no risk of radiation exposure. In addition, functional images such as DWI can also be obtained.[@b42] To our knowledge, there has been no systematic review and meta-analysis to evaluate the diagnostic performance of MRI for N staging in patents with NSCLC.

After a thorough data search and rigid study selection, we included nine studies evaluating the diagnostic value of MRI for lymph node staging of NSCLC. The methodological quality was moderate to good. Without regard to the MRI technique performed in each study, pooled sensitivity, specificity, LR+, LR−, and DOR for per-patient based analysis (7 studies) were 74%, 90%, 7.5, 0.26, and 36.7, respectively, and for per-lymph node based analysis (5 studies) were 77%, 98%, 42.24, 0.21, and 212.35, respectively. MRI showed a high specificity for lymph node staging in NSCLC.

However, there was significant heterogeneity among included studies, which may be attributed to many factors, such as different patient spectrums and MRI techniques. Considering the complexity of MRI, we hypothesized that different pulse sequences (such as STIR or DWI) and diagnostic criteria (quantitative or qualitative) used in studies might be the culprit. Therefore, we extracted data from per-patient based studies that evaluated diagnostic performance of quantitative STIR and DWI and conducted meta-analysis to compare their diagnostic value.

The DOR of a test obtained with different combinations of sensitivity and specificity can be used as a single summary measure and is the ratio of the odds of positivity in disease relative to the odds of positivity in the non-diseased.[@b36],[@b49] In our meta-analysis, the pooled DOR for quantitative STIR and DWI was 56.29 and 27.20, respectively. The DOR estimate for STIR was greater than that for DWI. However, such evidence was based on indirect comparison, with only 545 and 383 patients in the quantitative STIR and DWI groups, respectively. In addition, a different cut-off was used in each study, which may cause a threshold effect. Therefore, large, direct, and prospective comparative studies are needed to confirm the superiority of STIR or DWI.

A recent meta-analysis compared DWI with F-FDG PET/CT for pre-operative staging of mediastinal and hilar lymph nodes in NSCLC patients.^18^ The authors concluded that DWI has a high specificity for N staging of NSCLC.[@b36] While our study also showed high specificity of DWI, the pooled LR+ and DOR of DWI was lower; as our study analyzed different studies, we confined analysis to quantitative DWI, which may have different diagnostic power compared with qualitative DWI. Such evidence indicates that a standard diagnostic criterion is needed for each MRI technique to distinguish metastatic and non-metastatic lymph nodes.

Our study has several limitations. First, only nine studies were included, seven studies for per-patient analysis, and five studies for per-lymph node analysis. Second, all of the included studies were performed in Japan and Korea, and we confined the literature search to English language articles, leading to a publication bias. Third, differential verification bias could not be avoided in six studies and is unclear in one study. Fourth, the studies used different MRI pulse sequences and different diagnostic criteria, which lead to different sensitivity and specificity. Fifth, only four and three studies were used to pool diagnostic performance of STIR and DWI, respectively.

Conclusions
===========

Despite several limitations, our study has confirmed that MRI has high specificity for N staging in NSCLCs, which is helpful for developing optimal clinical therapeutic strategies. In addition, quantitative STIR has greater DOR than quantitative DWI in the lymph node staging of NSCLC. However, before wide application of MRI for N staging in clinical practice, the best protocols of pulse sequences and consistent diagnostic criteria should be identified. Larger prospective studies are warranted to compare quantitative or qualitative STIR and DWI.

This study was supported by the National Natural Science Foundation of China (Grant no. 81272501).

Disclosure
==========

No authors report any conflict of interest.
